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Superdex 200 pg HiLoad 16/60 (GE Healthcare). Purified actin was labeled with DyLight 488 NHS-Ester (Thermo Scientific, #46403) or DyLight 550 NHS-Ester (Thermo Scientific, #62263) as described previously (8, 9) . ATP-G-actin used in all experiments was ultracentrifuged at 340,000 × g for 1 h at 4 °C before use. The concentration of Gactin after ultracentrifugation was measured by Protein Assay CBB solution (Nacalai Tesque, #29449-15) with BSA as standard. Biotinylated-actin was purchased from Cytoskeleton Inc. (#AB07).
Measurement of the rate of cofilin-induced filament severing with native and mDia1-assembled F-actin
Purified GST-mDia1ΔN3 (3.7 μg) was mixed with 25 μg of goat anti-GST antibodies (GE Healthcare, #27-4577-01) in 10 μL of the aggregation buffer (50 mM KCl, 20 mM Hepes-KOH, 1 mM EDTA, pH 7.0) and then incubated for 30 min on ice. The mixture was mixed with 12.5 μg of biotin conjugated anti-goat IgG antibodies (Thermo Scientific, # 31732) and then incubated for 30 min on ice (hereinafter referred to as mDia1aggregates). Before use, mDia1-aggregates were diluted 1:49 by the Basic buffer (50 mM KCl, 10 mM imidazole-HCl, 1 mM MgCl 2 , 1 mM EGTA, 50 μM CaCl 2 , 0.5% methylcellulose, 100 μg/mL glucose oxydase, 20 μg/mL catalase, 4.5 mg/mL glucose, 2 mM ATP, pH 7.0). Preparation of the streptavidin-coated glass coverslips, adsorption of mDia1-aggregates and blocking by BSA were performed as described (8, 9) . We observed Xac2-induced filament severing in three steps as follows. For actin nucleation, 1.5 μM DyLight 488-labeled actin (DL488-actin, 3.1% labeled) and 45 nM biotinylatedactin in the Basic buffer was incubated with mDia1-aggregates in the flow cell. After 3 min, the flow cell was perfused with the Severing buffer, containing 0.1, 0.2 or 0.5 μM DL488-actin and 3 or 5 μM profilin. The Severing buffer is composed of 50 mM KCl, 10 mM Tris-HCl, 1 mM MgCl 2 , 1 mM EGTA, 50 μM CaCl 2 , 0.5% methylcellulose, 100 μg/mL glucose oxydase, 20 μg/mL catalase, 4.5 mg/mL glucose, 2 mM ATP, pH 8.0. After 3 min, 50 nM Xac2 in the Severing buffer containing the same concentrations of DL488-actin and profilin was perfused to the flow cell to initiate filament severing. DL488 labels gave fiduciary marks on F-actin images, enabling us to identify the mDia1assembled F-actin which continuously incorporates new DL488 labels at one tethered filament end and moves away toward the opposite end ( Fig. 1F-H) .
Fluorescence images of DL488-actin were acquired using total internal reflection fluorescence (TIRF) microscope equipped with Olympus PlanApo NA1.45 100× TIRFM objective lens and BCD1 Blue DDD laser (488 nm, 20 mW; Melles Griot). DL488fluorescence images were recorded on a CCD camera, CoolSNAP HQ (Roper Scientific) at 5 sec intervals using MetaMorph software (Molecular Device).
For measurement of the rate of Xac2-induced filament severing on images, we classified F-actin under four types, mDia1(-), untrapped, buckled and stuck F-actin. mDia1(-) F-actin is the F-actin, one free end of which elongates spontaneously at the rate of native F-actin (10) . Untrapped F-actin is the F-actin growing from immobilized mDia1-aggregates without being trapped in the other portions over consecutive 5 frames. Buckled F-actin is the F-actin which continues elongation from immobilized mDia1 and forms a bent loop after filament is trapped. Stuck F-actin is the F-actin which stops filament elongation (typically within ≈50 sec, Fig. S1 ) without forming a bent loop after filament is trapped.
Our analysis concerns only the first severing event and the severing-free duration in individual filaments. We measured the initial and the final filament length of four types of F-actin using JFilament, which is a plugin for ImageJ software (11) . When the type of a filament switched after the addition of Xac2, we treated the filament as unsevered until the time point of the type change and did not further follow the filament. When a portion of an untrapped F-actin was trapped on the surface of glass over 5 consecutive images, we regarded as type change and ended the analysis of the filament. The initial filament length is the filament length at the time point of the addition of Xac2. The final filament length is the filament length at the time point of the filament severing, except for two cases. In the case of unsevered F-actin, the final filament length is the length at the last frame of sequential images. In case F-actin changed its type without severing, final filament length is the filament length at the time point when the type changed. The severing frequency was calculated by
Severing frequency ∑ 2
where N sever is the number of the severing events, L i is the initial filament length, L f is the final filament length. Δt is the duration from the addition of Xac2 until the filament severing or the end of analysis. The denominator in the above equation is the sum of the data of all filaments containing severed F-actin and unsevered F-actin.
Pyrene-F-actin quenching assay for verification of fluorescent cofilin probes
To visualize both F-actin and cofilin, we used DyLight 550-labeled actin (DL550actin) and recombinant mouse cofilin1 including 10% of cofilin1-EGFP. In budding and fission yeast, cofilin tagged on its C-terminus cannot complement a cofilin null mutation unless overexpressed (12, 13) . We compared the F-actin binding between untagged cofilin and C-terminally-tagged cofilin by using the quenching method (14, 15) of pyrenyl fluorescence on F-actin ( Fig. S4 ). We used cofilin-mCherry because absorption of mCherry does not overlap the fluorescence emitted from pyrene. We used 10% labeled F-actin because modification on Cys374 of the actin molecule disrupts the filament structure (16) . Pre-assembled pyrene-F-actin (2.7 μM, 10% labeled) was mixed with cofilin or cofilin-mCherry at various concentrations in a KMM buffter [50 mM KCl, 50 mM 2-Morpholinoethanesulfonic acid (MES)-KOH, 1 mM MgCl 2 , 1 mM ATP, 1 mM DTT, 0.2% NaN 3 , pH 6.6] for 30 min. Pyrene-fluorescence (Excitation 355 nm/Emission 400 nm) was measured using EnVision 2103 Multilabel Reader (PerkinElmer) ( Fig.  S4A ). We confirmed that the majority of F-actin did not depolymerize under the experimental conditions by ultracentrifugation. Pre-assembled F-actin was incubated with cofilin or cofilin-mCherry for 30 min, and then mixtures were ultracentrifuged at 400,000 × g for 20 min. Precipitated F-actin and monomers were detected by SDS-PAGE ( Fig.  S4B ).
Measurement of binding of cofilin with native and mDia1-assembled F-actin
Actin was nucleated by immobilized mDia1-aggregates with 1.5 μM DL550-actin (2.7% labeled) and 45 nM biotinylated actin in the Basic buffer. After 3 min, the flow cell was perfused 2 times with 0.1 μM DL550-actin and 3 μM profilin in the Binding buffer (50 mM KCl, 10 mM Pipes-KOH, 1 mM MgCl 2 , 1 mM EGTA, 50 μM CaCl 2 , 0.5% methylcellulose, 100 μg/mL glucose oxydase, 20 μg/mL catalase, 4.5 mg/mL glucose, 2 mM ATP, pH 6.8). After 3 min, the cofilin binding was initiated by perfusion of 0.1 μM DL550-actin and 3 μM profilin and 2 μM cofilin in the Binding buffer.
Fluorescence images were acquired using dual-TIRF microscope equipped with BCD1 Blue DDD laser (488 nm, 20 mW; Melles Griot) and BS-YCA laser (561 nm, 25 mW; Melles Griot). Fluorescence images of DL550-actin and cofilin-EGFP were recorded on a CCD camera, CoolSNAP HQ (Roper Scientific) alternately at 5 sec interval using MetaMorph software.
We measured the fluorescence intensity of cofilin-EGFP using linescan measurement in ImageJ software. The fluorescence intensity of cofilin-EGFP along each F-actin was calculated by subtraction of the averaged background intensity in an area outside of the filament from the fluorescence intensity of coflin-EGFP.
The classification of single-molecule speckle (SiMS) of mDia1
Live-cell single-molecule speckle (SiMS) imaging was performed as described (1, 5, 17) . Fluorescence images of EGFP-mDia1 constructs were acquired using IX71 microscope equipped with Olympus UPlanSApo NA1.4 100× objective lens. EGFP-mDia1 and its mutants were excited by a mercury lamp (OSRAM GmbH; #69182-1) attenuated to 25% via the neutral density (ND) filter. Fluorescence images were recorded on a CCD camera, Evolve 512 (Photmetrics) at 0.2 sec intervals using MetaMorph software.
We calculated the fraction of EGFP-mDia1 bound to cellular structures by dividing the number of mDia1 speckles with the number of expressed molecules in the measurement area. In our observations, the fluorescence intensity of an EGFP-mDia1 speckle was consistent with the intensity of two EGFP that stuck on the glass surface outside of cell area. This result is corresponding to the previous report that formin FH2 forms a ring-like dimer (18) . Thus, we calculated the number of expressed mDia1 molecules by dividing the fluorescence intensity of EGFP in the measurement area by the average fluorescence intensity of EGFP dimers that stuck on the glass surface outside of cell area. The fluorescence intensity of EGFP was measured at the measurement area using MetaMorph software. We counted the number of single-molecule in the measurement area using Speckle TrackerJ, which is the plug-in for ImageJ software (19) .
We classified speckles of mDia1 and its mutants bound to cellular structures as reported previously (17) . "Processive" speckles are the fraction showing directional motion over 5 consecutive images. "Stationary" speckles are the fraction that stops the motion over 5 consecutive images. "Random" speckles are the fraction showing slow random diffusing motion over 5 consecutive images. "Unclassified" speckles are the fraction which did not fall into three categories within the observation time window (10 frames, 2 sec).
Lifetime measurement of F-actin in XTC cells
To observe DL550 actin SiMS in cells overexpressing mDia1 mutants, we introduced DL550-actin by electroporation using the Neon Transfection System (Invitrogen) (20) after transfection. We first introduced plasmids encoding EGFP-mDia1 construct using polyethylenimin (PEI) (1) . After several days, cells were dissociated from the flask by trypsinization, collected by centrifugation and washed with serum-free 70% L15 medium. Then, cells were suspended with resuspension buffer R containing 0.5 μM DL550-actin at a density of 1.86 × 10 7 cells/mL. Electroporation of the mixture was carried out with two pulses (1005 V, 35 ms), and then the cells were washed with serum-free 70% L15 medium. Washed cells were spread on the poly-L-lysine coated glass coverslip. Fluorescence images of DL550-actin for lifetime distribution were acquired using the IX71 epifluorescence microscope as described above. DL550-actin was excited with a mercury lamp through the 0.75% ND filter and fluorescence images were acquired at 2 sec intervals using MetaMorph software. Lifetime of incorporated DL550-actin was measured by SiMS imaging as described (1, 2, 20) . SiMS images were analyzed using Speckle TrackerJ (19) . Disappearance of DL550-actin results from by either actin disassembly or photobleaching of DL550. DL550-actin fluorescence was reduced by only 7% at 200 sec under continuous mercury excitation of the whole cell area through the 0.75% ND filter. Thus, the data shown for lifetime distribution of DL550-actin are without normalization for photobleaching. The cumulative survival chance of DL550 incorporated into cellular F-actin was calculated from the lifetime distribution of DL550actin using;
where S(i) is the cumulative survival chance of DL550-actin at the ith frame, i and j are the frame number after appearance of DL550-actin speckles, n j is the number of speckles with lifetime of j frames, and N is the total number of measured speckles. We compared the cumulative survival chance of DL550 between non-transfected cells and the cells overexpressing mDia1 or its mutants using Log-rank test in the GraphPad Prism 5 software (GraphPad Software, Inc.).
Regression analysis of cofilin-EGFP SiMS in cells overexpressing mDia1
To observe cofilin-EGFP SiMS in cells overexpressing mCherry-mDia1 mutants, we introduced recombinant cofilin-EGFP using electroporation after transfection according to the procedure described in Lifetime measurement of F-actin in XTC cells. Fluorescence images of mCherry-mDia1 mutants and cofilin-EGFP were acquired using the IX71 microscope as described above and were recorded on a CCD camera at 0.2 sec intervals using MetaMorph software. We carried out regression analysis on the surviving fraction of pre-existing cofilin SiMS as described (2) . Photobleaching rates of EGFP were calculated from the decay of EGFP-fluorescence by illuminating the whole region of cofilin-EGFP expressing cells under identical acquisition setting. In Fig. 4B , the regression results are shown after correction of photobleaching of EGFP.
Localization of cofilin-EGFP in cells overexpressing mDia1
To observe cofilin-EGFP in control and mDia1-expressing cells in the same visual field (Fig. S7) , we introduced recombinant cofilin-EGFP using electroporation after transfection according to the procedure described in Lifetime measurement of F-actin in XTC cells. To investigate the localization of cofilin-EGFP in relation to that of F-actin, we first acquired images of mCherry-mDia1 mutants and cofilin-EGFP in live cells and then acquired images of OregonGreen-conjugated phalloidin (OG-phalloidin; Molecular Probes) after cells were fixed and stained with OG-phalloidin. Cells were fixed for 20 min in the cytoskeleton buffer (10 mM 2-Morpholinoethanesulfonic acid, monohydrate (MES), 90 mM KCl, 3 mM MgCl 2 , 2 mM EGTA, 0.16 M sucrose, pH 6.1) containing 3.7% paraformaldehyde, and then permeabilized in phosphate-buffered saline (PBS) containing 0.1% Triton X-100 for 10 min at room temperature. After cells were washed with PBS, F-actin was stained by PBS containing 1 nM OG-phalloidin for 30 min at room temperature.
TEM observation and analysis of crossover length of F-actin elongated from immobilized mDia1
To develop the sample preparation method for transmission electron microscopy (TEM), we observed filament elongation from immobilized mDia1-aggregates on the carbon-coated glass surface using fluorescence microscopy. Fig. S3 , rhodaminephalloidin was omitted and the concentration of G-actin and profilin was altered during elongation and severing steps.
In TEM observations, methylcellulose interferes with EM observation by forming inhomogeneous background. Therefore, methylcellulose was removed from the sample by washing with -MC Basic buffer, which is the same as low-MC Basic buffer except the absence of methylcellulose, containing 0.5 μM G-actin and 5 μM profilin. Although removal of methylcellulose induced floating of F-actin from the carbon-coated glass surface (due to weak interaction between F-actin and the carbon-coated surface), F-actin tapped by streptavidin remained on the glass surface (Movie S8). Fluorescence image of rhodamine-phalloidin was acquired using the IX71 microscope as described above and were recorded on a CCD camera at 5 sec intervals using MetaMorph software.
TEM samples were prepared on carbon-Formvar-coated 200 mesh copper grids according to the procedure for fluorescence microscopy except the absence of rhodamine-phalloidin. After removing methylcellulose, we sucked the droplet on grid by filter paper for 3 sec and then quickly added 5 μL of 1% uranyl acetate for fixation and staining. Images of negatively stained F-actin on grids was acquired by H7650 electron microscope (HITACH) equipped with AMT XR-41C CCD camera system (Advanced Microscopy Techniques) at defocus value of 1.5~3 μm. We collected filaments which bound to mDia1-aggregates at one end (up to 1.5 μm away from mDia1-aggregates). Factin images were screened for relatively straight filament. Pixel size of micrographs was corrected using the distance between actin subunits in F-actin in control samples reported by Oda et al (21) . Acquired F-actin images were cropped and straightened and then lowpass filtered at >(30.0 nm) -1 (#1 in Figure 5B and C) according to the method by Bremer et al (22) . Straightened filament images were further filtered by the bandpass filter which passes regions around typical three layer lines on the F-actin diffraction pattern ( Fig.  S8A-D) . By filtering with the bandpass filter, the arrangement of subunits in F-actin is extracted from straighten filament without any deformation (#2 in Figure 5B and C) . From #2 images of ≈35 filaments in each condition, we selected F-actin segments whose the crossed region of double strands is clearly distinguished from the wide region lying double strands. Selected F-actin segments contain 6 to 12 crossovers. Using selected Factin segments, we determined the crossover position and measured the average crossover length. We determined the crossover position by assuming the symmetrical morphology of F-actin in #2 images. We searched the position where F-actin appears symmetrical across the crossover of double strands and determined the crossover position as the center of symmetrical morphology of F-actin (white rectangle and red line in Fig.  S8E ). We measured the average crossover length between two precisely-identifiable crossover positions flanking 4 to 10 crossovers ( Figure 5B and C) . Fig. S1 . The gradual deceleration of F-actin elongation from immobilized mDia1 after the pointed end side was trapped in the presence of 0.5 μM G-actin and 5 μM profilin. To compare filaments which were different length, the length of each filament were normalized by subtraction of each filament length in when part of filament was trapped. In these experiments, we employed the carbon-coated glass surface to minimize its non-specific interaction with the side of F-actin. We also modified the ratio of mDia1 and antibodies to minimize the formation of buckled F-actin. Note that F-actin tended to be longer in D and E than in B and C due to faster elongation. This may explain the smaller survival chance of F-actin in D and E than in B and C. The ratios of precipitated actin in total actin are indicated below the gel ("F-actin fraction"). Note that more than 80% of actin remained polymerized in all conditions despite the nearly complete loss in the pyrenefluorescence at 4000~ nM cofilin and cofilin-mCherry. S8 . Fourier-filter for determination of the crossover position. (A) Averaged diffraction pattern of actin filaments without streptavidin treatment. We observed three significant layer lines, L1 (37 nm), L2 (6.0 nm) and L3 (5.1 nm) in the averaged diffraction pattern, which represents the molecular arrangement of the subunits in the filament. L1 represents the length of crossover. L2 and L3 represent the center position of each subunit in the strands of the actin filament. When the length of crossover fluctuate, the layer lines have some width in the direction of the filament axis and the peak positon of each layer line indicate the averaged position. (B) Filter to visualize actin crossover. We made a filter to extract areas surrounding the three layer lines and the equator. The areas indicated by rectangular lines in the fourier pattern of each filament is retained after filtering. The area covers the fluctuation of 25.6-47.5 nm for L1, 5.83-6.13 nm for L2 and 5.03-5.24 nm for L3. We thus could extract the molecular arrangement in the actin filament without any deformation when the crossover length fluctuation is within the above range. Movie information Movie S1. Elongation and Xac2-induced filament severing of mDia1(-) F-actin (Fig. 1A) . The barbed end of mDia1(-) F-actin grows freely in the presence of 1.5 μM actin and shrinks after reducing the actin concentration to 0.1 μM. Fifty nM Xac2 was added to the flow cell when the text of "Xac2" is displayed on the movie. Scale bar is 5 μm.
Movie S2. Elongation and Xac2-induced filament severing of untrapped F-actin (Fig.  1B) . Untrapped F-actin grows from mDia1 immobilized on the glass surface. The pointed end side of this F-actin is not trapped to the glass surface. Scale bar is 5 μm.
Movie S3. Elongation and Xac2-induced filament severing of buckled F-actin (Fig. 1C) . Buckled F-actin grows from immobilized mDia1 before and after reducing the actin concentration to 0.1 μM. Buckled F-actin bends by continuing filament elongation from immobilized mDia1 after the pointed end side is trapped. Scale bar is 5 μm.
Movie S4. Elongation and Xac2-induced filament severing of stuck F-actin ( Fig. 1D ). Stuck F-actin grows from immobilized mDia1. After the pointed end side is trapped, elongation of stuck F-actin stops without forming a bent loop. This F-actin was not severed for 500 sec in the presence of 50 nM Xac2. Scale bar is 5 μm.
Movie S5. The time-laps images of the binding of cofilin-EGFP to mDia1(-), untrapped, buckled and stuck F-actin ( Fig. 2A ). Cofilin-EGFP (green) and DyLight 550-labeled actin (red) are shown. When 2 μM cofilin (10% cofilin-EGFP) is added to the flow cell, the green background increases on the movie. White lines show the shape of each F-actin in the first frame. Arrowheads show the barbed end of each F-actin. Scale bar is 5 μm.
Movie S6. Single-molecule speckle (SiMS) observation of EGFP-mDia1Full, EGFP-mDia1ΔC63 and EGFP-mDia1ΔN3 in live XTC cells. For SiMS imaging, the expression level of EGFP-mDia1 mutants was reduced by the defective CMV promoter. Time is in seconds. Scale bar, 10 μm.
Movie S7. Single-molecule speckle (SiMS) observation of DyLight550-actin introduced into non-transfected XTC cells (A) and XTC cells overexpressed mDia1 Full (B), mDia1 ΔC63 (C) and mDia1ΔN3 (D), respectively. Scale bar, 20 μm.
Movie S8. Processive elongation and streptavidin-induced filament trapping on the carbon-coated glass surface. In the movie, text of "+SA" is displayed when 5 nM streptavidin is added in the sample. Subsequently, text of "washout methylcellulose" is displayed when methylcellulose is washed out by -MC basic buffer containing G-actin and profilin. After washout of methylcellulose, F-actin trapped by streptavidin remains on the carbon-coated glass surface. Time is in seconds. Scale bar, 20 μm.
